Defoliation of alfalfa (Medicago sativa L.) results in a cyclic pattern of starch degradation followed by reaccumulation in taproots. Characterization of changes in anatomical distribution of starch grains in taproots will aid our understanding of biochemical and physiological mechanisms involved in starch metabolism in taproots of this species. Our objectives were to determine the influence of defoliation on starch grain distribution and size variation in taproots of two alfalfa lines selected for contrasting concentrations of taproot starch. In addition, we used electron microscopy to examine the cellular environment of starch grains, and computer-based image optical analysis to determine how cross-sectional area of tissues influenced starch accumulation. Taproots of field-grown plants were sampled at defoliation and weekly thereafter over a 28-day period. Taproot segments were fixed in glutaraldehyde and prepared for either light or electron microscopy. Transverse sections were examined for number and size of starch grains and tissue areas were measured. Starch grains were located throughout bark tissues, but were confined primarily to ray parenchyma cells in wood tissues. During the first week of foliar regrowth after defoliation, starch grains in ray cells near the cambium disappeared first, while degradation of those near the center of the taproot was delayed. During the third and fourth weeks of regrowth, there was a uniform increase in number of starch grains per cell profile across the rays, but by 28 days after defoliation there were more starch grains in ray cells near the cambium than in cells near the center of the taproot (low starch line only). Bark tissues from both lines showed synchronous degradation and synthesis of starch grains that was not influenced greatly by cell location. Diameter of starch grains varied with cell location in medullary rays during rapid starch degradation, but was not influenced by cell position in bark tissues. Therefore, during foliar regrowth there is a spatial separation in starch degradation and synthesis in alfalfa taproots. Amyloplasts from alfalfa taproots contained numerous starch grains, prolamellar-, and electron-dense bodies. The high starch line had 23% more cross-sectional area as ray cells in wood tissues when compared to the low starch line, which may explain part of the difference in starch accumulation between these alfalfa lines.
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Taproots of alfalfa (Medicago sativa L.) accumulate high concentrations (>250 g kg-' dry weight) of tion of this starch is believed to enhance winter survival of alfalfa and contribute to initial shoot growth in spring (3, 1 1). Defoliation of alfalfa can also cause starch concentrations in taproots to decrease as much as 70% from levels present before defoliation (8) . This loss of starch has been associated with regrowth of shoots and root respiration (13) . By examining starch metabolism in alfalfa taproots, we hope to learn how this perennial legume tolerates stress and persists in temperate regions.
In taproots, starch grains are located in parenchyma cells of bark tissues and in parenchyma cells of medullary rays in wood tissues (17) . Defoliating alfalfa causes a cyclic pattern of starch degradation which, after approximately 14 d, is followed by starch accumulation in bark and wood tissues.
Although tissue differences in TNC3 (14) and starch (7, 19) concentrations after defoliation have been documented, it is not clear if spatial patterns of starch grain degradation and accumulation occur within these tissues. If such a pattern does exist, it would indicate that tissue and cellular differences should be considered when studying enzymes of starch metabolism in alfalfa taproots.
Histological and ultrastructural studies of starch grains in alfalfa taproots are limited (9) . In this paper, we report the effects of defoliation on starch grain distribution and size variation in taproots of two alfalfa lines selected for contrasting concentrations of taproot starch. In addition, we use electron microscopy to examine the cellular environment of starch grains in taproots, and use a computer-based image optical analyzer to investigate how area of cell types comprising taproots impacts starch accumulation in these lines.
MATERIALS AND METHODS

Plant Culture
The alfalfa (Medicago sativa L.) lines used in this study were selected for HSt and LSt concentrations in taproots. The HSt and LSt lines were obtained from plant introduction accession numbers 211607 and 237213, respectively (8) . Vegetative cuttings were established in peat pots and grown in the greenhouse (27 ± 5°C) until they were transplanted into the field on May 11. Roots were inoculated with Rhizobium meliloti (Urbana Labs, Urbana IL) and herbage was removed to leave a 5-cm stubble height on July 2 when both lines were flowering. Taproot segments for the TEM study were excised, fixed in 2% (v/v) glutaraldehyde in 0.05 M phosphate buffer (pH 6.8), and stored overnight at 4°C. Tissues were washed in five changes of buffer, postfixed in 2% (w/v) osmium tetroxide (1 h), washed in three changes of water, stained in 2.5% (w/ v) uranyl acetate, and rinsed in three changes of water. Segments were then taken through a graded ethanol series, followed by four changes ofacetone, and embedded in LR White resin. Tissues were sectioned with a diamond knife on a Reichert OmU3 ultramicrotome, placed on carbon-coated formvar films on copper grids, stained with 0.1% (w/v) lead citrate (6 min), and examined with a Philips EM 200 at 60 kV.
Statistical Analysis
The experimental design was a randomized complete block with four replications. Analysis of variance was used to determine line, tissue, position, day, and corresponding interaction effects. Where F tests were significant (P < 0.05), means were compared with an LSD.
RESULTS
Concentration of starch in HSt taproots was greater than that of the LSt line during regrowth after defoliation (Table  I) , and are characteristic of concentrations observed in cultivars. For both lines, starch concentrations were high on d 0 and 28 and low on d 14. The response of tissue carbohydrate concentrations of the two lines to defoliation was similar over harvest dates; therefore, data were combined for presentation (Fig. 1) . Initial concentrations of starch differed between tissues, averaging 182.7 and 119.2 g kg-' for bark and wood, (Fig. 3) . In wood tissues, however, number of starch grains was influenced by position of ray parenchyma cells relative to the cambium. During starch degradation, grains near the cambium disappeared first, while degradation of those near the center of the taproot was delayed. On d 21, number of starch grains per cell profile was uniform throughout medullary rays, but by d 28 there were significantly more starch grains in ray cells near the cambium. The rapid, uniform dissolution of starch grains in HSt bark tissues was similar to the response observed for the LSt line (Fig. 3) .
When averaged over tissues, positions, and days, diameters of starch grains from LSt taproots were less than that of the HSt line (2 versus 3 ,m) . In bark tissues, diameter of starch grains was generally greater in the HSt than LSt line, but grain size did not vary with distance from the cambium during the 28-d regrowth period (Fig. 3) . During starch degradation in ray cells, diameter of grains near the cambium was less than diameter of grains near the center of the taproot. During starch synthesis, however, there were no consistent differences in starch grain diameter throughout medullary rays (Fig. 3) .
We used electron microscopy to examine starch grains in their cellular environment in taproots. At high carbohydrate concentrations, starch grains occupied most of the volume of parenchyma cells (Fig. 4A) . In many cells we observed, starch accumulation was so extensive that starch grains were appressed against the cell wall. Starch grains were located in plastids that contained prolamellar and other electron-dense bodies (Fig. 4B) . These structures were surrounded by an electron-dense amorphous matrix.
When averaged across lines, the cross-sectional area of taproots increased 48% from d 21 to 28. On a proportional basis, the HSt line had a greater percentage ofbark, cambium, and ray tissue, while the LSt line had a greater percentage of wood (Fig. 5 ). Although LSt taproots had more rays per section, those rays represented a lower proportion of wood area compared with HSt taproots. Shoot mass of lines was similar during the first 2 weeks after defoliation (Fig. 6) produced significantly more herbage than the HSt line. This difference in herbage regrowth between the two lines is similar to that previously reported (8 This spatial separation in starch grain degradation and synthesis reflects a separation in starch metabolism at the cellular level. As molecular approaches are used to study regulation of amylase activity in alfalfa taproots after defoliation, cellular differences in starch metabolism should be considered. Nevertheless, our findings can help explain previous data describing patterns of starch metabolism in alfalfa taproots. Fankhauser et al. (8) examined changes in polysaccharide composition of taproot starch of the HSt and LSt lines after defoliation. They found no change in starch composition until concentrations in taproots of the LSt line declined below 20 g kg-'. At these low starch concentrations on d 14 of regrowth, there was a marked increase in the relative proportion of low mol wt polysaccharides comprising the starch. This alteration in starch composition, that is only apparent at low starch concentrations, could be due to the spatial regulation of starch degradation in taproots as we observed in this study. This would confine starch degradation, and therefore changes in starch structure, to a limited number of cells during starch utilization.
In a radiolabeling study, Escalada (6) exposed alfalfa shoots to '4CO2 immediately before defoliation and then examined changes in labeling patterns of carbohydrate pools in taproots after herbage removal. During the first 10 d after defoliation, a disproportionate amount of labeled starch was lost from roots. We believe that this preferential utilization of labeled (Fig. 3) . When herbage was removed after labeling, starch in these cells would be utilized first, whereas starch grains with low levels of 14C located near the center of the taproot would be degraded more extensively during later stages of regrowth.
The location of cells containing starch relative to the position of the phloem may explain why the gradient in starch grain degradation and synthesis exists. During the first 14 d of regrowth, starch is degraded to provide much of the carbon for growing shoots and respiring roots (13) . Carbohydrate is translocated from roots to growing shoots through phloem. Sieve elements of phloem are located throughout bark tissues (5) and would be expected to transport the products of starch degradation to sink tissues between d 0 and 14. Therefore, during early starch degradation, rapid utilization of starch grains occurs in bark and medullary ray cells adjacent to the phloem. During late starch degradation, starch grains located in ray parenchyma cells closer to the root center are utilized as carbon is needed. Around d 14, the taproot becomes a sink for carbohydrate because of net movement of assimilated carbon from shoots through the phloem to the taproot. By d 21, starch is accumulated uniformly throughout the ray (Fig.  3) . At times ofhigh taproot starch content (d 28), parenchyma cells contain tremendous numbers ofstarch grains that occupy most of the cell volume (Fig. 4A ). Under these conditions physical limitations may preclude additional starch accumulation.
Spatial variation in starch grain number has been observed in secondary tissues of tree roots. Cameron (2) Days After Defoliation Figure 6 . Accumulation of shoot mass (dry weight) of alfalfa during 28 d of regrowth after defoliation. Lines were selected for low (LSt) and high (HSt) concentrations of starch in taproots. LSD refers to the least significant difference between means at the 0.05 level of probability.
While similar to certain tree species, patterns ofstarch grain metabolism in alfalfa taproots differ from that observed in cottonwood (Populus deltoides Bartr. ex. Marsh) (12) . Based on histochemical observations of trees grown in a dormancyinducing environment, starch in stems was deposited sequentially, first in the cortex around phloem rays, next in phloem and xylem rays, and finally in cells farthest from the phloem. This centrifugal deposition of starch has been reported by others (4, 21) . We found that ray parenchyma cells farthest from the phloem accumulated starch as readily as those nearest to the phloem (Fig. 3) , although the distance between these cell types is less in alfalfa taproots than in stems of trees.
Changes in starch concentrations in bark and wood tissues after defoliation (Fig. 1) are consistent with those previously reported (7, 19) . Escalada and Smith (7) and Ueno and Smith (19) showed, however, that starch concentrations in wood tissues were consistently greater than that in bark, which is contrary to our findings. This discrepancy could be due to genetic differences between plants, or differences in plant culture.
There is good agreement between our chemical analysis of starch and the histological observation of starch grains. Maximum starch concentrations and maximum numbers ofstarch grains were observed on d 28 in both tissues (Figs. 1 and 3) . During starch degradation, the greater decline in starch concentration in bark relative to wood tissues agrees with the The large number of starch grains in taproot parenchyma cells indicates that a primary function of these cells is to store starch (Fig. 4A) . Within these cells, starch grains were compartmentalized in amyloplasts (Fig. 4B) . These plastids also contained prolamellar and other electron-dense bodies. The presence of prolamellar bodies indicates that these amyloplasts are actually virescent chloroamyloplasts (15) . This is not surprising, because we have observed that alfalfa roots can turn green when exposed to light. Electron-dense bodies have been observed in plastids of other plants and were suspected to be protein bodies (10, 16) . The composition and function of the electron-dense bodies in amyloplasts of alfalfa taproots is currently under investigation.
The HSt and LSt lines differed not only in the number and size of starch grains per cell profile, but also in cross-sectional area of the tissues comprising taproots (Fig. 5 ). There was a small (2%) difference between the HSt and LSt lines in crosssectional area of bark, but there was a larger difference between lines in ray area per wood area. The LSt line had 23% less ray area in wood tissue when compared to the HSt line (Fig. 5) . Interestingly, at times of maximum starch accumulation in taproots (Table I) (Fig. 6) .
We conclude that there is a spatial separation of starch grain degradation and synthesis in wood tissues of alfalfa taproots after defoliation. In wood tissues, this separation is related to the distance of medullary ray cells from the vascular cambium. In addition, amyloplasts occupy most of the volume in ray cells and contain numerous starch grains, prolamellar bodies, and electron-dense bodies. The line selected for low concentrations of taproot starch had less tissue in which to store starch, fewer starch grains per cell profile, and smaller diameter starch grains when compared to the highstarch line.
